We study the ability of noble metal nanoparticle chains supporting localized surface plasmons to tailor the transmittance of channel waveguides on which they are deposited. The optical interaction between a microwaveguide ͑MWG͒ and various arrangements of nanoparticles is first analyzed by means numerical calculations based on the Green's tensor formalism. For specific geometries of the particle chains, the transmission spectra of the composite device ͑MWG and nanoparticles͒ exhibits strong modulations in the optical range with the appearance of a neat band gap. The results of an experiment inspired by this theoretical study are also discussed. The photon scanning tunneling microscope images recorded over a MWG decorated with a short chain of gold nanoparticles for two different incident frequencies are found to be in qualitative agreement with the theoretical proposal.
I. INTRODUCTION
Controlling light flows at the subwavelength scale might have significant practical applications for integrated optics devices miniaturization. Among the different routes explored to achieve this goal, surface plasmon polaritons ͑SPPs͒ sustained by noble metal nanostructures offers promising possibilities.
1 In this context, two different approaches can be distinguished.
͑i͒ The first approach relies on SPP propagation along continuous systems such as thin metal stripes or nanowires. For these systems, the SPP propagation, i.e., the propagation of an electron density oscillations, can be directly used for optical signal transfer. Within this approach, plasmon propagation along metallic stripes with widths in the micrometer range have been investigated both theoretically 2, 3 and experimentally. 4 -6 More recently, in agreement with previous calculations, 7 Krenn et al. have reported experimental evidence for the propagation of near-infrared light along nanowires featuring subwavelength cross sections. 8 ͑ii͒ The second approach of passive optical components miniaturization relying on SPP excitations exploits individual metallic nanoparticles arranged to form nanostructures such as chains or two dimensional arrays. [9] [10] [11] In this case, each individual nanoparticle rounds up the electron gas in the three dimensions and gives rise to ''localized surface plasmons'' ͑LSPs͒. These peculiar modes critically depend on the design of the nanoparticle. 12 The LSPs are also associated with a significant increase of both absorption and scattering phenomena.
Similarly to what happens with molecules, 13 the radiation efficiency of metallic nanoparticles is controlled by the local density of electromagnetic states available in the vicinity of the surroundings. For example, the LSP resonances are significantly shifted when the particles are located very close from a metallic surface sustaining SPP modes. 14 Changes of the effective polarizability also occur within ensembles of nanoparticles via LSP-LSP coupling. When such nanoparticles are assembled to form a finite size chain, depending on the interparticle distances, two kinds of interaction can be identified. For closely packed particle arrays, the coupling implies essentially the evanescent fields that tails off each individual particles ͑evanescent coupling͒. Calculations performed by Quinten et al. 15 have shown that this kind of coupling could be optimized to promote the transfer of visible light through linear chains of silver nanoparticles with diameters typically scaled down to 30 nm. Very recently direct experimental evidence of this kind of short range coupling has been demonstrated by measuring electromagnetic energy transport along silver nanoparticle plasmon waveguides. 16 For particles separated by distances greater than a few tenths of nanometers, the interaction relies on the interference of their scattered dipolar fields ͑dipole-dipole or farfield coupling͒. In this long range regime, a large twodimensional ͑2D͒ periodic array of particles texturing a metallic film enables the creation a photonic band gap for the surface plasmon polariton mode sustained by the structure. 17 This effect has been used to propagate lightwaves along straight and bent lines of defects created into plasmonic crystals. 18 SPPs are not the only way to control propagation of light in the coplanar geometry at the subwavelength scale. Indeed, an efficient light signal transfer can also be achieved using high optical index dielectric microwaveguides ͑MWGs͒ featuring submicrometre transverse cross-sections. When the lateral dimensions of the MWGs enter the subwavelength dimensions, recent experimental works recommend the use of optical evanescent fields instead of the common end-fire coupling to excite the input end of the MWGs. Such evanescent sources can be merely produced by the total internal reflection of 3D focused Gaussian beams on the surface of the transparent substrate on which the MWGs are deposited. 19, 20 In order to combine the advantages of dielectric and metallic devices, we consider hybrid systems involving high refraction index MWGs and chains of metallic nanoparticles. In particular, we show that short linear chains of gold nanoparticles deposited on MWGs can act as a nanometric Bragg mirror and thus can dramatically modify the transmission spectrum of the waveguide. In a similar context, recent works have investigated ensembles of metallic nanoparticles deposited onto planar waveguides. Reference 21 first pointed out some drastic modification in the scattered light spectrum of a random array of Au nanoparticles. Inspired by this work, Linden et al. 22 recently succeeded in controlling the extinction of an ordered 2D arrangement of Au nanoparticles deposited on a planar waveguide by adjusting the pitch of the lattice. In both cases, changes occur when the fields scattered by the particles can couple with the guided modes supported by the waveguide.
The paper is organized as follows. In the next section, we use numerical simulations based on the Green's tensor formalism to compute both far-field and near-field optical spectra of composite systems made of nanoparticle chains with various periodicities deposited on different MWGs. We show that in the visible range, the transmission spectra of such hybrid systems exhibit strong modulations with the appearance of a neat band gap generated by the chain of gold particles. Inspired by these numerical results, a MWG couple to a short chain of gold nanoparticles has been microfabricated by electron beam lithography. The photon scanning tunneling microscope images of this sample are discussed in the third section. The experimental images are found to be in good qualitative agreement with computed near-field optical distributions.
II. SIMULATIONS OF PLASMONIC CHAINS SUPPORTED BY INTEGRATED MWGs

A. Summarizing the theoretical background
Theoretical lectrodynamics modeling in the vicinity of localized objects can be performed in the framework of the field susceptibility ͑or Green dyadic͒ method. 23, 24 Today, this method is one of the most versatile and reliable numerical techniques to solve the full set of Maxwell equations for the typical parameters of near-field optics 2 involving both dielectric and metallic nanostructures. This approach ͑called the direct space integral equation method͒ is based on the knowledge of the retarded dyadic tensor S(r,rЈ,) associated with a reference system which, in our problem, is flat glass surface. The numerical procedure considers any object deposited on the surface as a localized perturbation which is discretized in direct space over a predefined volume mesh of N points ͕R i ͖. In a first step, the electric field distribution E(R i ,) is determined self-consistently inside the perturbations ͑i.e., the source field͒. At this stage, a renormalization procedure associated to the depolarization effect is applied to take care of the self-interaction of each discretization cell. The final step relies on the Huygens-Fresnel principle to compute the electromagnetic field E(r,) on the basis of the knowledge of the field inside the localized perturbations E(R i ,). The two main computational steps can be summarized as follows.
(i) Local field computation inside the source field
where K labels the generalized field propagator of the entire system ͑localized object plus bare silica surface͒. In the
where represents the electric susceptibility of the localized object, v j is the volume of the elementary discretization cell, and S is the field susceptibility of the entire system. This last quantity is usually computed by solving Dyson's equation
͑3͒
(ii) Electric and magnetic fields computation outside the source field region
͑5͒
In these two equations, the vectors E 0 (r,) and B 0 (r,) describe respectively the time Fourier transform of the electric and magnetic parts of the incident electromagnetic field. The formulas of the two Green dyadic propagators S and Q can be found in Ref. 25 . Knowing both electric and magnetic fields outside the source field region, we can investigate either the far-field or near-field properties of arbitrary samples.
B. Far-field spectroscopy
The model system we consider first consists in a linear chain ͑with a period a) of 13 gold parallelepipeds (100 ϫ100ϫ20 nm 3 ) lying on the top surface of a 12-m-long TiO 2 wire ͑section ϭ200ϫ200 nm 2 ). The TiO 2 wire is deposited itself on the surface of a glass substrate ͓Fig. 1͑a͔͒.
The sample is supposed to be illuminated in normal incidence by an incident electric field E 0 (r,) linearly polarized along the axis of the nanoparticle chain. This polarization direction has been chosen since it provides the stronger dipolar interaction between the particles. In order to characterize the far-field properties of this system, we compute the power scattered by the sample per unit surface with respect to the incident wavelength, according to the procedure described in Sec. II A. To perform this calculation, we use the far-field asymptotic form of the Green dyadic tensor S(r,rЈ,) given in Ref. 26 .
We first consider the reference situation such that the metallic nanoparticles are directly deposited at the surface of the glass substrate. The two spectra computed in absence of any MWG are displayed in Figs. 1͑b͒ and 1͑c͒. Fig. 1͑b͒ shows the curve obtained for a period aϭ600 nm. A comparison with the spectrum of a linear random ensemble of the same number of particles illustrates how the coherent addition of the individual dipolar fields contributes to enhance, by a factor of about two, the amplitude of the plasmon resonance. The spectra computed for different values of the chain periodicity are shown in Fig. 1͑c͒ . According to these results, the value of a does not shift significantly the plasmon resonance of the particle chains when they are deposited directly on the glass substrate. Indeed, for the three values of a considered, the resonance remains centered around 0 ϭ720 nm which corresponds to the resonance frequency of an isolated nanoparticle.
Similar calculations are repeated for complete systems of nanoparticle chains lying on MWGs. In order to make easier a direct comparison with the spectra of Figs. 1͑b͒ and 1͑c͒, we computed the energy radiated by the metallic nanoparticles only. Thus, the spectra shown in Figs. 1͑d͒ and 1͑e͒ cannot be used for comparison with experimental data since we have neglected the contribution of the MWG itself. However, this procedure offers the opportunity to demonstrate the strong influence of the MWG on the nanoparticles chains optical properties. Indeed, the spectra of Fig. 1͑d͒ has been obtained for the chains with various periodicity deposited on TiO 2 MWG with a real dielectric function of g ϭ5.8 supposed to be constant over the whole frequency range we consider. Two specific effects can be attributed to the presence of the MWG: ͑1͒ the LSP resonance of the particles is significantly red-shifted compared to the previous situation ͑from 720 to 765 nm for aϭ600 nm, for example͒. This shift originates mainly from the presence of the TiO 2 material that displays a stronger dielectric constant than the glass substrate. Moreover, unlike what happens when the chain is lying on the bare substrate surface ͓see Figs. 1͑b͒ and 1͑c͔͒, we observe now a dependence of the plasmon resonance position with respect to the interparticle distance. Note that similar effects for particles arranged to form a large 2D arrays have already been reported in both theoretical 27 and experimental 28 works. It can be understood as a consequence of the modification of the electromagnetic local field around each particle generated by the coupling between each induced dipole and their electric images in the underneath sample ͑here the TiO 2 MWG͒. ͑2͒ A second consequence related to the presence of the TiO 2 microwaveguide is the appearance of a second peak at higher energies. This new resonance is related to the collective response of the nanoparticles chain since its position is very sensitive to the value of a. Nevertheless, the hypothesis of a typical grating mode can be excluded as it does not appear in calculations performed in the absence of the MWG. Finally, in agreement with observations reported in Refs. 21, 22 , and 29, we infer these different behaviors are due to the collective coupling between the modes of the metal chains with those sustained by the microwaveguide. This statement is confirmed by the spectra displayed in Fig. 1͑e͒ . These curves have been obtained with a given value of aϭ600 nm and decreasing val-
ues of the MWG dielectric function. Since we keep the transverse cross section at a constant value, a decrease of the MWG dielectric function leads to a corresponding decrease of the number and/or the effective index of the guided modes. Thus, the collective coupling between the particles of the chain achieved by the guided modes of the MWG is dramatically reduced. Because the high energy peak in the far-field spectra vanishes with decreasing values of the MWG dielectric function, we can then conclude that this peak is created by the coupling between the chain modes and those of the MWG.
C. Near-field optical transmission spectrum of the composite system
In Sec. II B, we pointed out the intricate character of the interaction between nanoparticle chains and MWGs. In this section, we wish to evaluate the role of these interactions on the near-field transmission spectra of the composite device. In order to reach this goal, we have modified the illumination configuration ͓see Fig. 2͑a͔͒ . The system is now locally addressed by an evanescent wave confined in the three directions whose the focus is adjusted to shine on the input end of the MWG. Such a configuration has been demonstrated, both theoretically and experimentally, 30, 31 to be efficient for coupling with MWGs that display small cross sections.
Homogeneous MWGs
For this first application, we have computed the electric near-field intensity ͉E(r obs , 0 )͉ 2 versus the incident wavelength 0 ϭ2c/ 0 . This near-field intensity is normalized with respect to the incident electric field intensity computed in absence of any object on the substrate at a point located in the observation plane just above the focal point of the incident focused beam. Note that because of the Goos-Hanschen shift, the normalization value we use does not correspond to the maximum intensity of the incident beam in the observation plane. 30 For the computation of the near-field transmission spectrum, the observation point r obs is represented in Fig. 2͑a͒ and is located 100 nm above the output extremity of the MWG. The incident field is p polarized ͑electric field parallel to the plane of incidence͒, the reflection angle and the beam waist are respectively 50°and 1 m. The nearfield transmission spectrum of the bare guide shown in Fig.  2͑b͒ exhibits the expected decay when the excitation wavelength 0 becomes significantly larger than the MWG average transverse size ͱ.
MWGs decorated with a linear particle chain
The near-field transmission spectrum of the composite system is shown in Fig. 2͑c͒ . The metallic chain has a dramatic influence on the transparency of the MWG. First we observe a global decrease of the transmission efficiency due to nonradiative losses of gold pads. For example the nearfield intensity ͉E(r obs , 0 )͉ 2 is reduced by a factor of about 5 compared to the bare MWG for the wavelength 0 ϭ600 nm. Unlike the smooth decay found in the case of the homogeneous MWG, the transmission spectrum of the composite system exhibits two pronounced attenuation bands, respectively centered on 0 ϭ666 nm and 0 ϭ750 nm. We note that these wavelengths match the resonances observed previously in the far-field data of Fig. 1 ͑dashed lines͒ with only small frequency shifts resulting from the difference between the two illumination configurations. Indeed, in the present application involving a local illumination of the waveguide, the electric field that propagates within the TiO 2 MWG has a nonzero component along the z axis. The physical mechanisms at the origin of the photonic band gap in the spectrum of Fig. 2͑c͒ involve ͑i͒ phase effects ͑as in a usual Bragg mirror͒, ͑ii͒ radiative coupling of the metal chain with the vacuum electromagnetic states, and ͑iii͒ nonradiative losses inside the metal particle. Thus, in our case, the decrease in the transparency is mainly associated with a strong coupling of the field propagating in the TiO 2 core with the modes of the gold chain that induce important radiative and non-radiative signal losses for frequencies close to the resonances of the metallic chain.
Additionally, the two transmission gaps in Fig. 2͑c͒ give rise to a quite narrow transparent window a full width at half maximum of 15 nm, centered on 0 ϭ685 nm. The possibility of controlling its position and its width by changing the structural parameters of the metal pattern ͑periodicity, number of particles, particles geometry͒ could find potential applications for selective filtering. To close our numerical analysis, in Fig. 3 we present three electric near-field intensity maps computed above the composite system in an ob- servation plane parallel located at a distance of 100 nm over the top surface of the MWG. The calculations have been made for three wavelengths corresponding to three different transmission regimes. For 0 ϭ666 nm, the intensity dramatically decreases along the two first micrometers where the chain is located. In this frequency range, no significant signal is transmitted at the output extremity. Note that a similar behavior have been numerically reproduced within the larger stopping band centered around 0 ϭ750 nm ͑not shown͒. Around the frequencies 0 ϭ685 and 633 nm, an efficient signal transfer regime is reached. It gives rise to strong and regular near-field patterns that cover all the device. Despite the strong scattering occurring around the gold particles, the optical near-field remains well confined along the MWG. To conclude this section, let us emphasize that such numerical investigations of the optical near-field properties only require a specification of the frequency dependent dielectric constant and the shape of the lithographically designed nanostructures. Consequently, many other chain geometries ͑particles sizes and spacings͒ and plasmonic materials could be investigated with this technique, leading thereby to the prediction of the stop-band location associated with other selected geometries. Such additional information is left for a forthcoming more technical paper.
D. Influence of the incident light polarization on the MWG coupling
Usually, the images recorded with a near-field optical microscope reveal dramatic changes when passing from the p polarization ͑also called TM for transverse magnetic͒ to the s polarization ͑the so-called TE polarization for transverse electric polarization͒. The terms TM and TE refer the magnetic or electric light-field vector polarized transverse to the plane of incidence. In general, TM-polarized light tends to display larger contrast than TE-polarized light. 32 A comparative analysis of the near-field optical response of a bare MWG to the main polarizations s and p is given in Fig. 4 for a wavelength belonging to the transmission frequency located around 0 ϭ633 nm. It may be seen that, like what happens in near-field optical imaging, the p polarized mode leads to a better transmission level of the device. Consequently, this operating mode should be preferred in all further experimental studies.
III. EXPERIMENTAL RESULTS
In this section, we present preliminary optical measurements of the influence of gold nanoparticles on the near-field transmission of a TiO 2 MWG. The microfabricated structure consists of a 50-m long, 600-nm-wide, and 150-nm-high TiO 2 wire lying on a glass substrate. Onto its top surface, 13 gold nanoparticles ͑diameter 100Ϯ20 nm, height 20 Ϯ3 nm) are regularly aligned (aϭ550Ϯ20 nm) ͑Fig. 5͒.
A. Microfabrication process
The fabrication process consists in a two step e-beam lithography process combined with dry etching. We started from a 150-nm-thick TiO 2 (n TiO 2 ϭ2.41) layer deposited by assisted ion beam deposition onto a glass BK7 substrate. First, the e-beam patterning of the host TiO 2 wire was performed by a SEM microscope JEOL 840-A operating at 20 keV on a layer of polymethylmethacrylate ͑PMMA͒ resist (950ϫ10 3 molecular weight and 150-nm thickness͒. After development of the PMMA film, a 40-nm nickel coating is evaporated by e-beam deposition and lifted off by dissolution of the PMMA. Reactive ion etching is then performed in a GIR 300 ALCATEL system. The etching process uses a SF 6 (5/6)/Ar(1/6) equal flow rate gas mixture at a pressure of 0.015 mbar and rf power of 40 W. Then, the remaining Ni mask is removed in nitrite acid solution. The patterning of the gold nanoparticles requires a second e-beam lithography operation. At this stage, the main difficulty is a precise positioning of the sample required for the particles to be aligned along the microwire. Considering the specificities of our SEM microscope, a satisfying alignment has only been attained for wires with widths greater or equal to 600 nm.
B. Photon scanning tunneling microscopy of the guiding structure
The optical characterization of the microfabricated structure was performed by a photon scanning tunneling microscope ͑PSTM͒. [33] [34] [35] An optical fiber is piezoelectrically driven so as to act as local probe of the optical field in the near-field zone. 36 The probes we used have been coated with 7 nm of Cr in order to reduce the contribution of scattered radiative fields in the detection process. In our experiments the PSTM probe was scanned at a constant height. In this configuration, the signal detected is well known to be related to the spatial distribution of the intensity of the local electric field. The waveguide is locally excited, as in Fig. 2͑a͒ , by a focused laser beam which is totally reflected at the substrate interface. This local illumination is produced by injecting a laser beam in a lensed single mode optical fiber ͑numerical apertureϭ0.17, working distanceϭ18 mm). Since the data of Fig. 4 indicate a more efficient coupling with p polarized incident light, we have used this polarization mode in our experimental investigations. Moreover, by choosing the reflection angle around 50°, the resulting evanescent light spot at the glass-air interface features an elliptic shape with a long axis of 12 m ͑along the incident direction͒ and a short axis of a 8 m.
20 PSTM images of bare MWG's show up nearfield patterns similar to those previously described in Ref. 31 . When decorated with a gold nanoparticle chain, PSTM imaging reveals dramatic changes with respect to the incident wavelength. Figure 6 displays two PSTM images recorded above the structure of Fig. 5 , for two different incident wavelengths ϭ633 nm and ϭ543 nm, respectively. In both images, the dashed line frame indicates the area of the TiO 2 MWG which is textured by the gold nanoparticles. For both wavelengths, the distribution of the electric intensity before the structured zone (yϾ2.8 m) exhibits a periodic pattern, with periods of about 650 nm for ϭ543 nm and about 1 m for ϭ633 nm. These beatings result from the excitation of several modes propagating within the waveguide. Because of our current memory limitations, no computerized simulation has been performed for the sizes of the microfabricated structure. Nevertheless, considering the results of Ref. 31 , the transmission spectrum is expected more complicated than for a 200-nm-wide MWG. Indeed, for a multimode host waveguide, the coupling with the particles is distinct for each guided modes and should thus give rise to additional attenuations. For 0 ϭ633 nm, the near-field intensity dramatically decreases over the first micrometers of the structured part and only a negligible part of the signal is transmitted beyond this zone. This behavior is very similar to what occurs in the simulation for 0 ϭ666 nm. In that sense, despite the geometrical differences with the structure considered in the calculations, this low transmission can be attributed to one of the transmission gap predicted by the spectrum of Fig. 2͑c͒ . The damping of the electric intensity is much less pronounced for 0 ϭ543 nm; a significant part of the incident field is transmitted. For this wavelength, the nanoparticle chain is off resonance and acts as a weakly absorbing defect.
IV. CONCLUSION AND OUTLOOK
We have shown in this work that a periodic arrangement of gold nanoparticles can strongly modify the transmission of a dielectric MWG. Simulations based on the Green dyadic method have revealed an intricate interaction between the LSP modes sustained by the particles and the guided modes underneath. These interactions give rise to strong resonances in the scattering spectrum of the metallic pattern. Calculations of the near-field transmission of the structured wire indicate that these resonances are directly correlated with the appearance of pronounced attenuations in the transmitted signal. Optical near-field measurements, performed with a PSTM, have allowed two transmission regimes ͑on and off͒ to be observed in the vicinity of the device.
This kind of heterostructure could stimulate promising applications in the domain of integrated optics, especially for the realization of compact linear filters. With these aims in mind, the next step could be to investigate the respective influence of the different parameters ͑particle geometry, constitutive metal, and waveguide dispersion͒ in order to be able to tailor precisely the transparency of the host MWG. Finally, the patterning of the nanoparticles could be made easier by a local deposition of the metal based on a focused ion beam technique.
